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This article focuses on the neotectonics of the southern Atlas of Tunisia based on morphometric analyses.
Five major relevant morphometric parameters were processed and analyzed: residual topography,
hypsometric index, drainage anomalies, maximum vertical curvature, and terrain roughness, and
compared to the structural and tectonics of the study area. These are relevant to describe the topographic
changes, and therefore suggest possible neotectonic activity.
The analysis of these morphometric indices reveals that two structures in the study area (Jebels Ben
Younes and Bou Ramli) are distinguished by a speciﬁc morphometric footprint: high residual topography,
high hypsometric integral value of some watersheds (HI > 0.6), high frequency of drainage anomalies,
high maximum vertical curvature, and high roughness index. The correlation of these geomorphic
indices with the structural pattern of the study area conﬁrms the neotectonic reactivation (dating from
the Quaternary) and the dextral strike-slip component of the Gafsa fault (the major tectonic feature in
the southern Atlas of Tunisia). Thus, the morphometric analysis of the Digital Elevation Model and the
drainage network provide a more accurate insight into the morphodynamics of the study area.
© 2014 Elsevier Ltd and INQUA. Open access under CC BY-NC-ND license.1. Introduction
Although Tunisia has undergone NeS convergence of the Afri-
can and Eurasian plates since Aptian time, little is known of the
neotectonics of the Gafsa fault. This NeS compressive stress ﬁeld
created EeW elongated tight anticlines and large synclines with
many small topographic displacements duemainly to its location in
the Tunisian margin. The numerous seismic events (Dlala and
Hfaiedh, 1993; National Institute of Meteorology, 1995; Ben
Hassen, 2012; ISC, 2012) have revealed that the southern Atlas of
Tunisia is strongly inﬂuenced by this compressive geodynamic
context.
Several methods were used to describe the active tectonic zone,
including geomorphometry. This method describes, analyses, and
measures the morphology of the land surface (Pike and Dikau,
1995). It is based essentially on the analysis of changes in altitudee-la-Vallee (UPEM), Building
and UPEM, 5 Bd Descartes, F-
Hassen).
s under CC BY-NC-ND license.as a function of distance (Deffontaines, 1990; Pike and Dikau, 1995;
Dehn et al., 2001; Pike, 2002; Bolongaro-Crevenna et al., 2005). This
paper describes the morphology of the study area, applies quanti-
tative geomorphometric analysis of the ground, the results are
interpreted in terms of morphostructural analyses, and the recent
tectonic deformations are identiﬁed.2. Location and description of the study area
The southern Atlas of Tunisia is bounded on the north by the
Central Atlas, on the south by the Saharan platform, by the
NortheSouth axis and the plains of the Sahel (Sahel block) on the
east and by Atlas of Algeria on the west (Fig. 1). This domain is
marked mainly by the extension of folded ranges EeW trending
and by the presence of two NWeSE major shear zones: the Gafsa
and the Tozeur-Negrine accident (Zargouni, 1985; Deffontaines
et al., 2008). In the study area, the seismicity, which is relatively
high (Dlala and Hfaiedh, 1993; National Institute of Meteorology,
1995; Ben Hassen, 2012; ISC, 2012), reﬂects the continuation of
Atlas and alpine compressive deformation characterized by a
shortening axis NWeSE to NeS (Jauzein, 1967; Rouvier, 1977; Turki,
Fig. 1. Location of the Gafsa study area (dark rectangle) and major structural areas of Tunisia (after Ben Ayed, 1986, modiﬁed): 1: Study Area, 2: Boundary of Tunisia, 3; Tectonic
domain (a: Tellian Atlas, b: Imbrication zone, c: Diapir zone, d: Atlas of Tunisia, e: NortheSouth axis, f: structural block of Sahel, g: Saharan platform) e Shading parameters of the
SRTM DEM: Azimuth ¼ N315 E, elevation ¼ 45 , Exaggeration of relief ¼ 5.
M. Ben Hassen et al. / Quaternary International 338 (2014) 99e1121001985; Zargouni, 1985; Ben Ayed, 1986; Bouaziz, 1995; Bouaziz et al.,
2002; Nocquet and Calais, 2004).
Usually, erosion is a complex parameter that is strongly
inﬂuenced by tectonics, climate, morphology, and lithology.
Thus, the creation of a relief, after a tectonic event, is accom-
panied by erosion. In the Palaeogene, southern and central
Tunisia emerged and compressional deformations occurred.
Thus, during the Neogene and Quaternary, intense processes of
erosion took place and caused the deposition of thick syn-
orogenic series of silts and molasses in the morphologic
depression (Hlaiem, 1999).
The tectonic setting with the contribution of erosion phenom-
ena has deeply changed the landscape of the region, sculpting four
major mountain ranges (Fig. 2): the Gafsa chain, the Moulares one,
the Metlaoui one and the North Chotts chain. In addition to these
four chains, the study area containsmany isolatedmassifs: the Jebel
(J.) Sehib, J. Berda, J. Chemsi, and J. Bel Kreir. These elongated and
high reliefs correspond to folded structures (Zargouni, 1985) with
cores mainly occupied by carbonate and calcareous clay lithological
lower Cretaceous series (Swezey, 1996).3. Quantitative geomorphometric analysis: data, methods
and results
Geomorphology considers the interactions between geological
(lithological and tectonic setting) and surface erosion phenomena.
Thus, the geomorphology reﬂects interactions of sedimentation,
tectonics and erosion (Legier, 1977; Tapponnier and Molnar, 1979;
Deffontaines, 1990; Burbank and Pinter, 1999; Kühni and Pﬁffner,
2001; Slama, 2008). One of our objectives is to highlight the
signal of active tectonics.
A universal set of geomorphometric indices useable in all
geomorphological and structural studies does not exist. It is
rather the local context (the phenomenon studied, characteristics
of the study area, initial data, etc.) that determines the choice of
the best indices to achieve the objective (Speight, 1974; Evans,
1979; Deffontaines, 1990; Monier, 1997; Wilson and Gallant,
2000; Duperet and Deffontaines, 2004).
As other authors (e.g. Ehsani and Quiel, 2009; Dragut¸ and
Eisank, 2011; Prasannakumar et al., 2011; Sleszynski, 2012), we
used the DEM SRTM (Shuttle Radar Topography Mission) for the
Fig. 2. The SRTM DEM of the study area and the main EeW folded structures:1-J. El Aziza, 2-J. Tebaga, 3-J. Haidoudi, [The North of the Chotts Chain: 4-J. Hadifa, 5-J. Hachichina, 6-J.
Sif el Laham, 7-J. Asker, 8-J. Morra, 9-J. Sidi Bou Helal]; 10-J. Ben Kreir, 11J. Chemsi, 12-J. Berda, 13-J. Bou Jera, 14-J. Sehib; [Gafsa chain: 15-J. Bou Douaou, 16-J. Bou Hedma, 17-J. El
Biadh, 18-J. Orbata, 19-J. El Onk, 20-J. Ben Younes, 21-J. Bou Ramli]; [Metlaoui chain: 22-J. Biadatt, 23-J. El Ali, 24-J. Stah, 25-J. Al Metlaoui, 26-J. Zarraf, 27-J. Alima, 28-J. Shwabu, 29-J.
an Nagib, 30-J. Blijou30, 31-J. Sandas, 32-J. Brikis, 33-J. Al Mandra]; [ Moulares Chain: 34-J. Bellil, 35-J. Djelabia, 36-J. Jnan Khrouf, 37- J. Sif El Leham, 38-J. Mrata]. (Shading pa-
rameters of SRTM DEM: Azimuth ¼ N315 E, elevation ¼ 45 , Vertical Exaggeration 5).
Fig. 3. Hydrographic network of southern Atlas of Tunisia vectorized from topographic maps at 1/100 000 scale. Note the high frequency of parallel drainage network on the
anticlines and the low drainage frequency in the ﬂat lowlands of the synclines.
M. Ben Hassen et al. / Quaternary International 338 (2014) 99e112 101morphometric analysis of the study area. This topographic data is
the result of collaboration between the National Geospatial Intel-
ligence Agency (NGA) and NASA. The objective of this project is to
produce a digital topographic data covering the surface of the Earth
using radar interferometry, with the relatively short wavelength
(5.6 cm) of the SRTM instrument. During the mission by the Space
Shuttle Endeavour, 12.3 Tbyte data were collected, corresponding to
99 97% of the total Earth surface. The altitude of the shuttle ﬂight
was 233 km and the inclination of shooting is 57 (Rabus et al.,
2003). The SRTM data, used in this paper, have a resolution equalto 3 arc-sec (about 90 m resolution) and was projected in WGS84
(Rabus et al., 2003). The vertical accuracy of this elevation data
varies from 5m to 10m and the horizontal accuracy varies between
7 m and 13 m (Gorokhovich and Voustianiouk, 2006; Rodríguez
et al., 2006).
On the other hand, other indices were obtained from the
morphometric analysis of the hydrographic network. The shape of
the drainage network is sensitive to changes in the morphology of
the terrain. Thus, morphometric analyses of drainage networks
have a great signiﬁcance for structural and tectonic studies
Fig. 4. Hypsometric Curves and Integrals (IH) for 45 watersheds in the Gafsa chain. The watersheds located on the southwest ﬂank of structures J. Ben Younes and J. Bou Ramli, show a high hypsometric Integral.
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M. Ben Hassen et al. / Quaternary International 338 (2014) 99e112 103(Prud'homme, 1972). It is based primarily on the hypothesis that a
tectonic event can leave a footprint on the hydrographic network.
In particular, the analysis of the drainage network can provide in-
dicators of fault activity and help to develop a model of their evo-
lution over geologic time (Leeder and Jackson, 1993; Jackson and
Leeder, 1994).
To apply this analysis to the study area, we started with the
vectorization of the hydrographic network from eight topographic
maps at 1/100 000 scale (Fig. 3). Later, we selected morphometric
parameters considered as themost relevant to describe and analyze
the morphology of the terrain and to detect possible neotectonic
activity of the Gafsa fault.
3.1. Hypsometric analysis
The distribution of heights of a study area can be represented
by a hypsometric curve which expresses the percentage of sur-
face area beyond a certain altitude (Wegener, 1929; Peguy, 1942;
Strahler, 1952; Chen et al., 2003). The integral of this curve
(Hypsometric Integral) is a measure of the proportion of the
topography located above the elevation of the outlet (Strahler,
1952; Hurtrez and Lucazeau, 1999). The value (HI) reﬂects the
relative non-eroded volume of terrain (Strahler, 1952). The low
values of HI (HI < 0.35) indicate an evolved terrain and highly
erosion, and the higher values (HI > 0.6) indicate a less-modiﬁed
terrain and low erosion, and intermediate values
(0.35 < HI < 0.6) indicate that the landscape is in equilibrium
(Strahler, 1952). Often, the hypsometric integral is given by
Equation (1) (Pike and Wilson, 1971; Hurtrez and Lucazeau,
1999).
HI ¼ Zmean  Zmin
Zmax  Zmin
(1)
WhereZmax, Zmean (Eq. (2)) and Zmin expresses the maximum, the
mean and the minimum absolute elevations in a given basin.
Zmean ¼
P
i
Si*Zi
Stotal
(2)
Where Stotal is the total surface of basin and Si is the surface of basin
whose altitude is equal to Zi.
Hypsometric analyses have been used extensively in the litera-
ture to describe the morphology of a terrain (Harlin, 1978; Lifton
and Chase, 1992; Pubellier et al., 1994; Monier, 1997; Fabre and
Monteil, 2001; Font et al., 2002; Payraudeau, 2002; Demoulin,
2011). In particular, the use of hypsometric curves can highlight
the impact of tectonics on terrain (Delcaillau et al., 1998; Pedrera
et al., 2009; Perez-Pe~na et al., 2010).
In the area of the Gafsa fault, the representation and the
analysis of the hypsometric curves focused on 153 watersheds
covering the Gafsa chain (Fig. 4). Based on this analysis, mainly
from the HI, we classiﬁed the landforms of this chain into three
classes (see Fig. 4).
The majority of watersheds (153 sub-basins) have a Hypso-
metric Integral less than 0.35, conﬁrming that the relief, which
constitutes this area, is generally “old”, heavily eroded and little
affected by active tectonics.
The nine basins located on the ridges of J. Orbata, J. el Biadh
and J. Bou Hedma (see Fig. 2) reveal medium values of Hypso-
metric Integral (0.35 < HI < 0.60), indicating that the relief is in
equilibrium (Strahler, 1952). The geological map at 1/100 000
indicates that the ridges of these structures are hard carbonate
materials (limestone or dolomite) of the Lower Zebbag Formation
(Upper Albian e lower Cenomanian). Thus, the values of HIobserved in this section are probably explained by the inﬂuence
of the hard rock lithology forming these watersheds.
The watersheds located on the southwest ﬂank of structures J.
Ben Younes and J. Bou Ramli, showed a high hypsometric Integral
(greater than 0.60). Their conjunction can form a zone which is
considered as immature, and distinguished by the relative lack of
erosion.
Halokinetic deformation of Triassic sediments (Boukadi, 1994;
Hlaiem, 1999; Ahmadi, 2006; Ahmadi et al., 2013; Dhaoui and
Gabtni, 2013) that can drive and deform the overlying structures
may be an alternative assumption. This process may be enhanced
through fault activity that promotes uplift of some geological layer.
Several faults cross the study area. However, these hypotheses can
be afﬁrmed or rejected based on other morphometric parameters,
or by relying on other approaches.3.2. Rugosity
Rugosity, or Roughness, is a parameter involved in the analysis
of the vertical sinuosity of the landform (Hobson, 1972; Day, 1979).
Moreover, roughness is a tool to examine the vertical irregularity of
the landform and to describe the degree of dissection of a landscape
(Grohmann, 2004; Rosenau, 2004). According to Taud and Parrot
(2005), roughness or texture of Digital Elevation Models (DEM) is
capable of providing information about regional geology and
highlighting the different geomorphological features. An abrupt
variation of a one of ﬁrst-order derivatives of the altitude, as the
slope or the exposure, is reﬂected by an increase in roughness.
However, low values of roughness were attributed to homogeneous
terrain. In total, this method examines the form of terrain and not
the altitude, as is the case for the hypsometric analysis (Grohmann
and Campos Neto, 2002).
To quantify this parameter, a variety of methods has been pro-
posed in the literature (Hobson, 1972; Beasom et al., 1983; Riley
et al., 1999; Sappington et al., 2005). In this study, we used the
method of “surface area” exposed by Jenness (2004) and integrated
into the extension “DEM Surface Tools©, Version 2.1.292”. This tool
was developed in Visual Basic and run on the platform of ArcGIS
desktop.
This method highlights the terrain roughness by calculating the
ratio (Se/Sp) between the effective surface (Se) and the planimetric
surface (Sp). Therefore, for ﬂat land (Se ¼ Sp), this ratio will be
equal to 1. However, a slope of the high terrain induces a larger
effective area (Se >> Sp), so the ratio will be high. The topographic
data used in these analyzes are those of SRTM.
The calculation of the vertical roughness of Gafsa region land-
form showed that the highest values is located in the Gafsa chain
and speciﬁcally on the southern ﬂank of J. Orbata, and the south-
west ﬂanks of J. Ben Younes and J. Bou Ramli. This very high
roughness indicates a strong erosional potential, which may be the
result of the present tectonic activity.
Furthermore, this index was used to follow the spatial distri-
bution of some geological outcrops characterized by a hard lithol-
ogy. The clearest case of the place is the limestone bar of the
“Zebbag” formation which occupies the ridge of J. Orbata (N: 18
shown in Fig. 2), which has the highest roughness with Se/Sp¼ 1.77
(Fig. 5). This hard lithological structure, elongated and continuous
for almost 15 km, is a good indicator of the absence of intense
brittle tectonic events.3.3. Curvatures of landform
Mathematically, curvature is deﬁned as the change in slope
angle at point (a) along a small arc (ds) of the curve (Fig. 6)
Fig. 5. Roughness of the study area calculated from the SRTM DEM using the method “surface area” exposed by Jenness (2004). This index distinguishes areas with high erosion
potential. Se/Sp: ratio between the effective and the planimetric surface. Red corresponds to speciﬁc anticline/monocline limbs. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 6. Mathematical deﬁnition of the curvature (Ohlmacher, 2007).
Fig. 7. The 3-by-3 Submatrix of the altitudes matrix with a cell size equal to (a) and
indicating the coordinates of points on the submatrix in a Cartesian coordinate system
XY and with altitude Z (Wood, 1996).
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that is tangent over a small arc (ds) of the curve (Kepr, 1969).
The curvature of the surface is a characteristic element of the
type and the evolution of the relief. This index is highly sensitive
to the change in altitude. This allows differentiation of the en-
tities that compose the landscape (De Masson d'Autume, 1978;
Duperet and Deffontaines, 2004). Thus, this parameter may
reﬂect the tectonic, sedimentary and climatic effects on the relief.
According to Evans (1979), Florinsky et al. (2002) and Mazagol
(2006), it is possible to calculate different types of curvature
relief corresponding to the concavity or convexity of the terrain
surface according to different planes: the vertical (in the vertical
plane), horizontal (in the horizontal plane), minimum,
maximum, medium, longitudinal and transversal curvature. Each
of these curvatures can occur in three forms: concave, ﬂat or
convex.
The maximum vertical curvature (Evans, 1979) describes the
ridgelines and reﬂects the surface dynamics related to morpho-
logical and tectonic processes acting on the relief. This index was
calculated from the SRTM DEM, using the module “Topographic
Modeling” of “Envi 4.5” software.
Derived indices of the Digital Terrain Model are estimated by
applying mathematical formulas on different neighborhoods of
cells. Evans (1979) evaluated the surface using a bivariate quadratic
function z ¼ f(x,y) (Eq. (3)).
Z ¼ rx
2
2
þ ty
2
2
þ sxyþ pxþ qyþ u (3)
This polynomial form has been used by Florinsky (1998) using
the least squares method to establish a 3-by-3 “submatrix” of al-
titudes matrix (Fig. 7), which allowed estimation of the values of: r
(Eq. (4)), t (Eq. (5)), s (Eq. (6)), p (Eq. (7)) and q (Eq. (8)) for (Eq. (3)).
Thus, by moving the kernel of a matrix, we can estimate these
values for all points of the DEM.
r ¼ v
2z
vx2
¼ zA þ zC þ zD þ zF þ zG þ zI  2ðzB þ zE þ zHÞ
3a2
(4)
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2z
2 ¼
zA þ zB þ zC þ zG þ zH þ zI  2ðzD þ zE þ zFÞ
2 (5)vy 3a
s ¼ v
2z
vxvy
¼ zC þ zG  zA  zI
4a2
(6)
p ¼ vz
vx
¼ zC þ zF þ zI  zA  zD  zG
6a2
(7)
q ¼ vz
vy
¼ zA þ zB þ zC  zG  zH  zI
6a2
(8)
The maximum vertical curvature, as any other derived index
from DEM, may be estimated using the following equation (Eq. (9))
(Evans, 1979).
Cv_MAX ¼ 

r þ t
2

þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r  t
2
2
þ s2
s
(9)
In the study area, the values of the maximum vertical curvature
are between 0.9 and 2.4 (Fig. 8). The Pixels with positive values
correspond to convex regions (e.g. along the ridges) and the
concave areas are indicated by negative values (e.g. the thalwegs).3.4. Residual topography
This parameter is ranked among the most signiﬁcant indicators
in order to study terrain erosion. It expresses the results of the
interaction between erosion and tectonics through the evaluation
of the difference between the maximum non-eroded topography
(summit level map) and the surface of the base or of the valleys
(base level map) (Deffontaines, 1985, 1990, 2000; Molin et al.,
2004).
The summit level map is a map showing topographic maxima,
considered as a primitive area or of an unknown age “paleo-topo-
graphic surface”. The analysis of the summit level map is based on
the map of iso-values of highest topographic points identiﬁed onFig. 8. Mapping of maximum vertical curvature (measured by kernel 9 by 9 cells) of the stud
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)topographic maps (Pannekoek, 1967; Prud'homme, 1972;
Deffontaines, 1990, 2000).
In contrast to the summit level map, the base level map, a
concept introduced by Powell in 1875, is generated by interpolating
of the lowest elevations in a region (Dury, 1951; Filosofov, 1960;
Pannekoek, 1967; Deffontaines, 1990, 2000; Keller and Pinter,
2001). These points are represented, in most cases, by the hydro-
graphic network. This type of surface is frequently used to study the
paleo-surfaces and the morpho-tectonics of the study area (Jordan,
2007).
The representation of the residual topography of the study area
allows identiﬁcation of the plains, characterized by a low residual
gradient, distinguishing at least six “residual lineaments” (Fig. 9).
Each one appears as an alignment of areas that have equivalent
values of residual topography. We suggest that these areas were
affected by the same mechanism and were under the inﬂuence of
the same phenomenon. Each lineament must, therefore, be
analyzed and discussed separately (Fig. 9).
Alignment N1 (A1), oriented NWeSE, pass through areas
characterized by a high residual levels (220e591 m). It was marked
by a horsetail splay in J. Chemsi and is the structural boundary
between “J. Chemsi” and “J. el Mcheltat”, with a low residual rate.
This alignment may reﬂect a NWeSE dextral strike-slip fault.
Alignment N2 (A2) crosses J. Orbata from the south ﬂank to the
north ﬂank along NNWeSSE. It is indicated by the presence of an
area with a high residual rate, sub-orthogonal to the axis of this
massif. This is mainly due to the presence of limestone and dolo-
mites bars of the Zebbag Formation (Upper Albian e Lower
Turonian).
Alignment N3 (A3) affects the western extremity of J. Bel Khir,
the eastern extremity of J. Chemsi and J. Orbata. It is expressed as an
offset of residual rate, the lithological footprint of rocks that have
undergone displacement following a tectonic event oriented
NWeSE.
Alignment N4 (A4) is the border between the high residual
elevation (z 350 m) in the eastern part and the medium re-
sidual elevation (z 150 m) in the western part. El Meich is a
NWeSE dextral strike-slip fault (Zargouni, 1985). It is bounded,
on either side, by two alignments which mark the ﬂexures ofy area. Red: positive values; blue: negative values. (For interpretation of the references
Fig. 9. Residual topography of the study area (the numbers of alignments are discussed in the text). Dark color corresponds to a high residual rate. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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in the west.
Alignment N5 (A5) extends along J. Ben Younes and J. Bou
Ramli. The alignment of the high residual values in both structures
is the footprint of the crossing of the Gafsa fault.
Alignment N6 (A6) is located in the south of the Metlaoui
chain (J. Alima). This EeW lineament marks a quasi-linear tran-
sition from medium to low residual rate. This is interpreted as a
signature of the dextral strike-slip fault indicated by Dlala and
Hfaiedh (1993).
The NWeSE parallel trending of alignments A1, A3, A4 and A5
may be due to the setting up of these alignment in the same tec-
tonic phase (with the same stress ﬁelds), or they were reactivated
in the same way during a recent tectonic phase.
3.5. Drainage anomalies
A drainage anomaly is a local deviation of the regional drainage
and/or of the streaming style and this in accordance with the
regional structure and/or topography (Howard, 1967). These
anomalies can take different forms (Deffontaines and Chorowicz,
1991; Deffontaines et al., 1994; Ollier and Pain, 2000) and they
can be induced by river erosion and alluvial deposition, or most
often by active tectonics deformations (Deffontaines, 1990;
Deffontaines and Chorowicz, 1991; Angelier and Chen, 2002). For
this reason, they are considered by many authors (Deffontaines,
1990, 2000; Deffontaines et al., 1992; Comentale, 1999; Ferry
et al., 2007; Slama, 2008) as indicators of recent neotectonics.
Thus, a focus is on isolating segments of gravity drain (ﬂow along
the line of greatest regional slope) from those inﬂuenced by the
local tectonic and structural phenomena (Fig. 10).
Part of the drainage anomalies, extracted from the hydrographic
network, can be directly related to the lithology inﬂuence of rocks.
In the case of J. Alima (Fig. 10), the basis of this structure is occupiedby vertical layers with signiﬁcant slope (up to 80) and is composed
mainly of hard materials: Upper bar of the Abiod Formation and
limestone of the Metlaoui Formation. This could form a natural
barrier against gravity ﬂow, which explains the existence of
drainage anomalies.
However, in other cases, a remarkable concentration of drainage
anomalies appear aligned: J. Orbata, J. Ben Younes, and J. Bou Ramli.
These anomalies can be caused by recent tectonic activity.
4. Identiﬁcation of recent deformations and interpretation of
morphometric indices
From the analyses and interpretations of the ﬁve morphometric
ratios, two reliefs have been distinguished by their high values: J.
Ben Younes and J. Bou Ramli (Fig. 11). Morphometric study shows
that these reliefs are distinguished by many footprints of recent
tectonic activity (Fig. 11).
High residual topography can reach 470m on the southern ﬂank
of J. Bou Ramli (Fig.11a). Hypsometric analysis in the Southern Atlas
of Tunisia shows that the watersheds, located on the southwest
ﬂank of J. Ben Younes and J. Bou Ramli, have a high hypsometric
integral value (HI > 0.6) and a convex shape of the hypsometric
curves. From this combination, an area with distinctive landforms
has been delineated. The correlation of the hypsometric analysis
with the tectonic coverage leads to the conclusion that these high
values of HI are located on the west of the Gafsa fault. Thus, the
recent activity of this fault may explain the nature of the landforms
in this area and the weakness of erosion compared to active tec-
tonic deformation (Fig. 11b).
The analysis of the hydrographic network of this sector shows a
high frequency of drainage anomalies that may have arisen after
the reactivation of one ormore branches of the Gafsa fault, inducing
the deformation of the relief and formation of these anomalies
(Fig. 11c). The ridges of these two structures show a very high
Fig. 10. Hydrographic network and drainage anomalies in the study area.
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low to moderate (Fig. 11d).
The south-western ﬂanks of these two structures have a sig-
niﬁcant surface rugosity expressed by a high roughness index (Se/
Sp). This roughness may reﬂect strong current erosive potential
(Fig. 11e).
To better understand the source of these footprints, correlation
of these morphometric indices with the structural pattern and the
geological cover of the southern Atlas of Tunisia is very useful. The
geological outcrops of the study area vary from Triassic to Quater-
nary (Castany, 1951) with a predominance of clays, evaporates, and
carbonates (Fig. 12).
Several Triassic outcrops are exposed along the fault of Gafsa,
particularly at J. Ben Younes and J. Bou Ramli (Ouled Ghrib et al.,
1995; Abdallah et al., 2000). The Jurassic can be observed only at
the southwestern ﬂank of J. Ben Younes, located at the base of the
Gafsa fault (Ben Youssef, 1989; Slimane et al., 1991). The Cretaceous
covers most of the surface of the anticlinal J. Ben Younes and J. Bou
Ramli (Fig. 12). The geological section of J. Ben Younes showed
Upper Cretaceous (Zebbag and Aleg Formations) and the Lower
Cretaceous (Orbata formation overlying the Sidi Aich sandstone).
The Quaternary deposits, which occupy most of the study area,
have several lithologies (e.g. sand, sandstone, limestone, gypsum).
This is due to changes in depositional environments: lacustrine,
marine or continental (Ben Ouezdou, 1994). From the structural
point of view (Fig. 13), this area is located in the deformation
corridor of the Gafsa fault, that strongly inﬂuences the structure of
J. Ben Younes and J. Bou Ramli.
The Ben Younes anticline structure is truncated obliquely by the
Gafsa fault. Thus, only the northern ﬂank and the eastern periclinaltermination remain (Fig. 13). In the central part, this structure is
governed by a fold with axis N105E, and a plunge of 05 ESE. This
orientation is related to the inﬂuence of the dextral strike-slip
component of the Gafsa fault. To the west of the city of Gafsa, a
branch of this structure verged about 35 between the central and
the eastern termination.
The anticline Bou Ramli, located south of the Gafsa fault and
west of the anticline Ben Younes, forms one of the most important
reliefs in the Gafsa chain with a peak of 1141 m and a length of
11 km (based on the SRTM Data). This structure corresponds to an
elongated fold with an anticlinal arch formed essentially by the
lower bar of the Zebbag Formation (Zargouni, 1985).
The Gafsa fault is a major dextral strike-slip fault oriented
NWeSE, oblique to the other faults in the area. This fault is a deep
crustal structure probably dating before late Mesozoic, reactivated
as a transpressive structure, several times, during the Cenozoic
(Zouari et al., 1990; Deffontaines et al., 2008), leading to the
genesis of the Gafsa chain. Thus, during the Jurassic and lower
Cretaceous, the Gafsa fault acted as a “tear fault” with a strong
normal component oblique to the EeW Tethyan normal faults.
Lower Mesozoic distensive tectonics may have caused the uplift-
ing of salt diapirs (Bedir et al., 1992; Boukadi, 1994; Zouari, 1995).
At the end of the Cretaceous, the tectonic inversion of the Tethyan
domain took place by closure of the Tethys Sea. The Gafsa fault
acted as a N120E transpressive dextral strike-slip fault under the
inﬂuence of the displacement to the north of the African conti-
nent, further to the opening of the Atlantic Ocean (Deffontaines
et al., 2008).
The dextral movement of this fault is compatible with the
collision process between the African and European plates and also
Fig. 11. Morphometric particularities of J. Ben Younes and J. Bou Ramli: a- Residual Topography; b- Hypsometric Integral; c- Drainage anomalies (black); d- Maximum curvatures; e-
Roughness.
M. Ben Hassen et al. / Quaternary International 338 (2014) 99e112108with the genesis of the Metlaoui and Moulares ridges. The genesis
of EeW Chains of Moulares and Metlaoui, located on the SeW
compartment of the fault, is closely linked to the activity of the
Gafsa fault. This is clearly indicated by their connection and the
present horsetail transpressive structures geometry located on only
one side of the Gafsa fault.
The continuous activity of this fault created a transpressive zone
expressed by the two exposed jebels Ben Younes and Bou Ramli,
aligned N115E (Fig. 14), which form a pressure ridge composed of
part of an anticline and folded series. The periclinal termination of
the pressure ridge anticline has extremities truncated by a branch
of the Gafsa strike-slip fault. This elongated anticline/pressure ridge
is bounded by two splays of the Gafsa strike-slip fault, not neces-
sarily exposed, forming a positive ﬂower or tulip structure (Fig. 14).
In the pressure ridge, small scale oblique non-penetrative strike-
slip faults are clearly visible. These features correspond to right
lateral riedel shears associated with the Gafsa fault, whoseorientation is close to N140e150E (Fig. 13). The correlation of
morphometric parameters with the structural pattern and the ge-
ology conﬁrm the neotectonic reactivation of the present dextral
strike-slip component of the Gafsa fault, under the inﬂuence of the
current NeS stress ﬁelds (Bouaziz, 1995).
Currently, it is difﬁcult to differentiate between tectonic and hal-
okinetic action with morphometric methods. Thus, the tectonic ac-
tivity of this fault can also be associated with the migration of the
Triassic evaporites. Geological maps at 1/100 000 scale (ONM), and
other studies such as those of Zouari (1995), have indicated many
local outcrops of Triassic materials in this region. Furthermore, the
interpretations of seismic proﬁles enabled Bedir (1995) and Hlaiem
(1999) to show the presence of many Triassic salt bodies injected
along several parts of these faults. Thus, these two mechanisms
(halokinesis and tectonics) are responsible for the activity of relief in
this area, and can explain the speciﬁc signature of the morphometric
indices.
Fig. 13. New structural pattern of the study area (based on Zargouni, 1985; Zouari et al., 1990; Boukadi, 1994; Bedir, 1995; Bouaziz, 1995; Zouari, 1995; Hlaiem, 1999) and
morphometric analyzes of SRTM data). Note both the rectilinear N105E right lateral strike slip Gafsa fault and the elongated pressure ridge (J. Bou Ramli and J. Ben Younes).
Fig. 12. Geology of J. Ben Younes and J. Bou Ramli: a- Simpliﬁed geology map of the study area (generated from geological maps of the study zone at 1/100 000 scale: Sidi Aich map
(Ouled Ghrib et al., 1995); Moulares map (Boukadi et al., 1991); Metlaoui map (Regaya et al., 1991) and Gafsa map (Slimane et al., 1991)) and draped over the SRTM data (Shading
parameters of SRTM data: Azimuth ¼ N315E, Altitude ¼ 45); b- Geological section of the anticline of Ben Younes (modiﬁed from Zargouni, 1985). Note the pressure ridge ge-
ometry, and a strike slip branch of the Gafsa fault in the southern part of the geological cross-section.
Fig. 14. 3D structural model of the study area showing the ﬂower structures developed
along the Gafsa dextral strike-slip fault: 1 e Fault; 2 e Anticlinal axis. Note the pres-
ence of the major crustal transpressive dextral Gafsa strike-slip fault highlighted by the
Gafsa chain (Jebel Bou Ramli and Ben Younes). On its southern ﬂank, the two Moulares
and Metlaoui chains are associated with the Gafsa fault zone and appear to be the
compressive inversion (anticline) of old normal faults associated with the opening of
the Tethys during early Mesozoic.
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The identiﬁcation of recent faults activity (neotectonic) was
performed in the Gafsa region (southern Atlas of Tunisia) based on
analysis of ﬁve morphometric parameters chosen for their relevant
tectonic signatures: residual topography, hypsometric analysis,
drainage anomaly, maximum vertical curvature, and roughness of
terrain. The results of the morphometric analysis conﬁrm recent
activity of the NWeSE Gafsa fault. The kinematics of the Gafsa fault
are shown by the footprints on two highly immature landforms (J.
Ben Younes and J. Bou Ramli) located near the Gafsa fault, con-
trasting with the remainder of the study area.
It is difﬁcult to distinguish and differentiate between tectonic
and halokinetic activities. The relationship between the movement
of salt and changes in morphometric parameters conﬁrms the
strong relationship that exists between the morphology of surface
and deep structures.
On the other hand, the correlation between morphometric
indices and geological coverage has shown that some morpho-
metric anomalies are related to the lithological variations in the
study area. In the plains, the absence of apparent neotectonic ac-
tivity is related to the soft and detrital nature of the rocks that can
quickly ﬁll the syncline depressions and hide the traces of faults.
However, these traces are easier to identify in the higher relief
areas.
The morphometric analysis of the DEM and the drainage
network provide more accurate insights into the morphodynamics
of the study area. This is explained by their sensitivity to pertur-
bations caused by recent tectonic activity. This study has great
signiﬁcance for the development of the Gafsa area and for the cit-
izens, and we suggest that such studies could better constrain
understanding of the present deformation of Tunisia. Therefore, the
geomorphometric approach combined with detailed structural
analysis allows us to reﬁne the structural geometry and neotectonic
activity of this key area of the Atlas of Tunisia.Acknowledgements
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